Background: Rough-type LPS of C. canimorsus is biologically active, whereas lipid A is not. Results: Purified C. canimorsus rough-type LPS could be analyzed in intact form by NMR. Conclusion: Inactive lipid A becomes active in case the core oligosaccharide is attached. Significance: This study provides evidence that lipid A is not the sole part of the LPS structure responsible for endotoxic activity.
imal core oligosaccharide of C. canimorsus might be able to contribute to this unexpected enhancement in endotoxicity?
To answer this question, we first isolated the LPS-derived oligosaccharides by conventional approaches using (i) acid hydrolysis (leading to core oligosaccharide 1; Fig. 1 ) or (ii) strong hydrazinolysis for deacylation of the LPS/lipid A (leading to core backbone oligosaccharide 2; Fig. 1 ) and determined the complete structures by ESI-MS and NMR in D 2 O. By contrast, when rough-type LPS, which still contains the hydrophobic lipid A moiety, was subjected to NMR analysis, only complex organic solvent mixtures, such as chloroform/methanol/ water, were able to give well resolved NMR signals (15) . However, conformational studies of the LPS molecule expressing relevant biological (i.e. endotoxic active) conformations in an aqueous solvent system cannot be achieved by this approach (16) .
Although the acyl chains and phosphates have been proven to be extremely important for the LPS/lipid A structure-function relationship (12, 17, 18) , the contribution of the core oligosaccharide has not been considered so far. It is generally accepted that the lipid A represents the endotoxic moiety of the whole LPS molecule (14) , and other components, like the inner core oligosaccharide, are often considered to be less or even not important. By contrast, in C. canimorsus LPS, we obtained strong evidence that indeed the core oligosaccharide can contribute to its endotoxicity (11) . We found that the negatively charged carboxyl group of the Kdo adjacent to the lipid A backbone can replace the function of the 4Ј-phosphate that is sterically close to it. Therefore, an analytical tool enabling the analysis of the conformation of the core oligosaccharide when attached to the lipid A by NMR in a water mimetic is expected to shed more light onto the LPS structure-function relationship. By this approach, we aimed to explain interactions of intact rough-type LPS with natural pathogen-related receptors (MD-2 and TLR4) under nearly natural conditions, where conformational aspects become important for the understanding of various biological functions.
Here we describe an analytical approach using HPLC purification of C. canimorsus rough-type LPS (3, Fig. 1 ) followed by NMR analysis in a water mimetic. This way we could show that not only the primary structure but also the conformation of LPS could successfully be analyzed by NMR spectroscopy, avoiding expensive 13 C, 15 N labeling. Our data give new insights into the conformational flexibility of the core oligosaccharide, which can be helpful to explain the difference between the low activity of free lipid A of C. canimorsus on the one hand and the high endotoxic activity of the rough-type LPS on the other (11) .
MATERIALS AND METHODS

Bacterial Strains, Growth Conditions, and Extraction of LPS
C. canimorsus 5 (Cc5) (3) and its complement-sensitive Y1C12 mutant (9) were grown on heart infusion agar 5% sheep blood supplemented with gentamicin and, in the case of Y1C12, with erythromycin. The Cc5-based Y1C12 mutant has a transposon insertion within a predicted glycosyltranferase-encoding gene, probably the N-acetylfucosamine transferase WbuB, necessary for the formation of the O-antigen (9) . Bacteria were harvested by scraping off colonies from the agar surface of 500 plates, washed, and resuspended in PBS. Selective agents were added at the following concentrations: erythromycin, 10 mg/ml; gentamicin, 20 mg/ml. Bacterial cells were washed with ethanol, acetone, diethylether (500 ml each) and centrifuged to give 11.2 g (Cc5) and 30.8 g (Y1C12) of air-dried bacteria, respectively. Both LPSs were extracted with phenol/water (19) , whereby the crude LPS of WT Cc5 was identified in the water, and that of the mutant was identified in the phenol phase. Extraction by the phenol/ chloroform/petroleum ether method (20) , RNase/DNase treatment (30 mg; Sigma; 24 h at room temperature), proteinase K digestion (30 mg; 16 h at room temperature), extended dialysis (2 days at 4°C), and lyophilization revealed 188 mg of Cc5 (1.7%, w/w) and 200 mg of Y1C12 LPS (0.6%, w/w). Compositional analysis of the LPS from the WT strain showed it to be highly contaminated with glucose from amylopectin (21) , flavolipin (22) , and capnin (23, 24) , known to be present in Capnocytophaga spp. and Flavobacteriaceae. In contrast, the LPS from the Y1C12 mutant was devoid of such contaminating material. Because the compositional analysis of the core obtained from the WT strain Cc5 LPS and that of Y1C12 revealed no differences with respect to their sugars and fatty acids, the Y1C12 mutant was considered to be the strain of choice to isolate and analyze the intact rough-type LPS in detail.
Preparation and Purification of 1 after Acid Hydrolysis
LPS isolated from the WT bacteria (25 mg) and Y1C12 mutant (50 mg) was heated in 10 ml of 2% AcOH for 1.5 h at 100°C. Precipitating lipid A was removed by centrifugation, and the core oligosaccharide in the supernatant was lyophilized and further purified by GPC on a column (2.5 ϫ 120 cm, Toyopearl (HW-40S) Tosoh, Bioscience, Germany), eluted with pyridine/acetic acid/water (8:20:2000 , v/v/v, pH ϳ4.7) at a flow rate of 0.7 ml/min. Oligosaccharides were monitored by a Knauer differential refractometer. Appropriate fractions (7.5 ml) containing the core sugars (as detected by GLC-MS) were collected and lyophilized. The yield of the GPC-purified 1 was 5.8 mg (25%) for the WT strain Cc5 and 12 mg (24%) for the Y1C12 mutant. Compositional analysis by GLC-MS of both core oligosaccharide fractions resulted in identical sugar residues being present in comparable proportions. As expected, the core oligosaccharide fraction of the mutant did not contain contaminating amylopectin (21) and sugars from the O-chain (9) . Thus, the Y1C12 mutant was found to be representative for further structural analysis of the complete rough-type C. canimorsus LPS (3).
Preparation and Purification of 2 after Strong Hydrazinolysis
LPS of the Y1C12 mutant (50 mg) was completely deacylated by strong hydrazinolysis (1.0 ml of N 2 H 4 , 100°C, 16 h). The product was precipitated from cold acetone (10 ml) and dried under a stream of nitrogen. Liberated fatty acids were removed from the sediment by repeated extraction from water/chloroform (3 ϫ 15 ml). The combined water phases were centrifuged (15 min, 7,000 rpm, 4°C) and lyophilized to give 28.7 mg of crude core backbone oligosaccharide, which was further puri-fied by GPC as described above, whereby a low but acceptable yield (2.2 mg, 4.4% w/w) of 2 was obtained.
Preparation and HPLC Purification of the Intact Rough-type LPS
The rough-type LPS was isolated by chance from an LPS preparation of the Y1C12 mutant (51.3 mg) because mild acetate buffer hydrolysis, which we tried first (0.1 M NaOAc, pH 4.4, containing 1% SDS (25) at 100°C for 3 h under stirring), did not liberate free lipid A from the core oligosaccharide. Because ESI-MS analysis of this hydrolysate revealed that it still contained a considerable amount of unhydrolyzed and intact rough-type LPS (Ͼ 60%), this preparation was considered to be suitable for the purification of compound 3 by preparative HPLC.
To this end, an Abimed-Gilson HPLC system equipped with a semipreparative Kromasil C18 column (5 m, 100 Å, 10 ϫ 250 mm, MZ-Analysentechnik) was loaded with about 2-5 mg of the crude LPS. Lipid A and LPS fractions were eluted using a gradient of methanol/chloroform/water (57:12:31, v/v/v) containing 10 mM NH 4 OAc as mobile phase A and chloroform/ methanol (70.2:29.8, v/v) with 50 mM NH 4 OAc as mobile phase B. The initial solvent system consisted of 2% B and was maintained for 20 min, followed by a three-step linear gradient rising from 2 to 17% B (20 -50 min), from 17 to 27% B (50 -85 min), and from 27 to 100% B (85-165 min). The solvent was held at 100% B for 12 min, and the column was re-equilibrated during 10 min to 2% B and held there for an additional 20 min before the next injection. The flow rate for preparative runs was 2 ml/min (ϳ80 bar) using a splitter (ϳ1:35) between the evaporative light-scattering detector (ELSD) and the fraction collector.
The smaller part of the eluate was split by a Sedex model 75C ELSD (S.E.D.E.R.E., Alfortville, France) equipped with a low flow nebulizer. Fractions were collected in 1-and 0.75-min intervals, depending on the peak elution profile. Nitrogen (purity 99.996%) was used as gas to nebulize the post-column flow stream at 3.5 bar into the detector at 50°C, setting the photomultiplier gain to 9. The detector signal was transferred to the Gilson HPLC Chemstation (Trilution LC, version 2.1) for detection and integration of the ELSD signals.
According to the ELSD detector response, fractions representing the three main peaks in the HPLC chromatogram ( Fig.  2) were combined. From one injection (5 mg of hydrolyzed LPS) the following pools were obtained: pool 1 (70 -77 min, yield 0.81 mg, 16%), pool 2 (79 -90 min, yield 1.45 mg, 30%), and pool 3 (115.5-118 min, yield 0.62 mg, 12%). Besides the LPS of Y1C12, containing a short O-chain oligosaccharide (data not shown), ornithine lipids (30), capnin (24) , flavolipin (31) , and other lipids were identified in pool 1. The main fraction (pool 2, yield 1.45 mg) ( Fig. 2) represented the purified and complete rough-type LPS of C. canimorsus (3) . The third fraction, pool 3 (yield 0.62 mg), was free lipid A as determined by ESI-MS ([M] ϭ 1717.308 units). Its structural analysis and exceptional biological properties have been described elsewhere (11) .
Analytical Procedures
SDS-PAGE-SDS-PAGE of LPS isolated from the WT strain Cc5 and the Y1C12 mutant was run on 18% polyacrylamide gel (26) and silver-stained as described (27) .
GLC-MS Analysis-Sugar and fatty acid derivatives were analyzed by GLC-MS on a 5975 inert XL Mass Selective Detector (Agilent Technologies) equipped with a 30-m HP-5MS column (Hewlett-Packard) using a temperature gradient of 150°C (3 min) 3 320°C at 5°C/min.
Compositional and Methylation Analyses-Compositional analysis was done by GLC-MS. Glycolipid and oligosaccharide samples (0.1 mg) were subjected to methanolysis (0.5 M HCl/ MeOH, 45 min, 85°C) and per-O-acetylated (15 l of pyridine, 15 l of Ac 2 O, 85°C, 15 min). The configuration of the aldopyranosides was confirmed by GLC of acetylated (R)-2-octyl glycosides (28) , whereby Rha was found to be L-configured and all other sugars D-configurated. Methylation analysis of the isolated core oligosaccharides was carried out after N-acetylation (Ac 2 O/NaOH) (29) , HF treatment (48% aqueous HF, room temperature, 2 h), permethylation, hydrolysis (2 M TFA at 100°C at 1.5 h and/or 4 M TFA at 100°C for 6 h), reduction (NaBD 4 ) and per-O-acetylation followed by GLC-MS analysis.
ESI-Mass Spectrometry-ESI-MS analyses of compounds 1, 2, and 3 were performed in the negative ion mode on a high resolution Fourier transform ion cyclotron resonance mass spectrometer (Apex Qe, Bruker Daltonics, Billerica, MA), equipped with a 7-tesla superconducting magnet and an Apollo dual ESI/MALDI ion source. Sample preparation and instrumental settings were recorded as described previously (11) .
NMR Spectroscopy-The NMR spectra of oligosaccharides 1 and 2 were recorded at 300 K on a Bruker 600-MHz (Avance II ) NMR spectrometer equipped with a 5-mm quadruple resonance ( 1 H, 13 C, 15 N, 31 P) probe with Z-gradient. Samples were dissolved in 0.75 ml of D 2 O (99.9% D, Cambridge Isotopes, Andover, MA) and lyophilized twice, and spectra were recorded in 0.50 ml of D 2 O (99.98% D). Signals were referenced to internal acetone (␦ H 2.225 ppm, ␦ C 30.89 ppm), and Bruker standard software xwinnmr (version 3.5) was used to acquire and process these data.
NMR spectroscopic measurements of 3 were performed on a Bruker Avance III 700-MHz spectrometer equipped with an inverse 5-mm quadruple resonance Z-Grad cryoprobe (or with an inverse 1.7-mm triple resonance Z-Grad microcryoprobe). HPLC-purified compound 3 was dissolved in 25 mM deuterated sodium phosphate buffer (pH 6.8) containing 1.5% (w/v) DHPC-d 40 (98% D, Cambridge Isotopes) and transferred to 5-mm Shigemi (1.3 mg in 325 l) or 1.7-mm NMR microtubes (0.25 mg in 40 l) (Bruker), depending on the sample material available. Spectra were recorded under conditions described earlier (32) with minor modifications. Elevated temperatures (325 K) for increasing spectral resolution and lower concentration of the detergent were used. 1 H, 13 C signals were referenced via selected internal DHPC-d 40 signals (H-2/C-2 Gro ; ␦ H 5.27 ppm, ␦ C 71.4 ppm) after external calibration with acetone (␦ H 2.225 ppm, ␦ C 30.89 ppm) recorded under identical conditions. Signals of the H-3 Gro in DHPC-d 40 have been chosen to reference the 1 H, 31 P HMQC NMR spectra, whereas the one-dimen-sional 31 P NMR spectra were referenced to external aqueous 85% H 3 PO 4 (␦ P 0.0 ppm). A mixing time of 200 ms was used in ROESY experiments. For the one-dimensional 1 H NMR spectra, shown as projections of the F 2 axis, the FID signal was multiplied by a Gaussian function (exponential broadening factor Ϫ2 Hz, Gaussian broadening factor 0.2 Hz) prior to Fourier transformation. 1 H NMR assignments were confirmed by twodimensional 1 H, 1 H COSY and TOCSY experiments, and 13 C NMR assignments were done by two-dimensional 1 H, 13 C HSQC, based on the 1 H NMR assignments. Interresidual connectivity and further evidence for 13 C assignment were obtained from two-dimensional 1 H, 13 C heteronuclear multiplebond correlation and 1 H, 13 C HSQC-TOCSY. Connectivity of phosphate groups was assigned by two-dimensional 1 H, 31 P HMQC and 1 H, 31 P HMQC-TOCSY. Bruker software Topspin version 3.1 was used to acquire and process these data.
RESULTS
The Core Oligosaccharide in the Y1C12 Mutant Is Representative of Rough-type C. canimorsus 5 WT LPS-The LPS isolated from the Y1C12 mutant was chosen for the structural analysis of the core oligosaccharide for reasons given below. SDS-PAGE analysis (data not shown) revealed that both WT and Y1C12 mutant contained a significant amount of rough-type LPS. In order to confirm the results obtained by SDS-PAGE, we performed compositional analysis of the core oligosaccharides from both LPS preparations (WT and mutant). They were prepared by acid hydrolysis in 2% AcOH followed by GPC under identical conditions and analyzed separately. Upon GLC-MS analysis, the core oligosaccharide fractions obtained from both strains showed the same retention time upon GPC, and no differences in their composition and proportions of sugars appeared. Both core structures were found to be composed of the same monosaccharides, suggesting that they are identical in both strains due to their genetic relationship. The only difference was the presence of components in the WT Cc5 LPS originating from the O-chain, which eluted prior to the core oligosaccharide (data not shown). As expected, the Y1C12 mutant gave better yield and higher purity for the core oligosaccharide preparation; therefore, the structural analysis described here has been performed with compounds isolated from the mutant, which was regarded to be representative of C. canimorsus LPS.
Isolation and Structural Analysis of the Core Oligosaccharide (1)-To investigate the structure of the core oligosaccharide, LPS of the Y1C12 mutant was hydrolyzed in AcOH, and the core oligosaccharide was purified by GPC. The core oligosaccharide was further analyzed by GLC-MS, ESI-MS, and NMR spectroscopy as described below. Earlier eluting higher molecular fractions contained minor amounts of sugars derived from the O-chain. GLC-MS analysis of the core oligosaccharide (methanolysis, per-O-acetylation) revealed the following monosaccharides: Rha, Gal, GalN, and Man in molar ratios of ϳ1:1: 1:2. Kdo and P-Etn could not be determined and/or quantified using this methodology.
The charge-deconvoluted ESI-MS spectrum of the core oligosaccharide sample recorded in the negative ion mode showed two major peaks, one having a mass of 1321.384 units, which was assigned to the intact core oligosaccharide composed of 3 hexoses, 1 hexosamine, 1 deoxyhexose, and 1 Kdo with two P-Etn residues (calc: 1321.335 units) being in full agreement with structure 1 (Fig. 1 ). The second major peak (1158.338 units) was identified to originate from 1 after loss of phosphoethanolamine and water (1-(P-Etn-H 2 O)) (calc.: 1158.334 units).
To determine the linkages and substitution pattern, 1 was subjected to methylation analysis. Two partially methylated sugar alditol acetates were identified, 2,3,4-Me 3 -Rha-ol and 3,4,6-Me 3 -GalNAc-ol, indicating that Rha and GalN represent two terminal sugar residues. Other sugars in the chain were 2,4,6-Me 3 -Gal-ol (1,3-linked Gal), 2,3,4-Me 3 -Hex-ol (1,6linked hexose), and 2,6-Me 2 -Hex-ol (1,3,4-linked hexose). No sugar fragments of the Kdo were identified because these Kdo derivatives rapidly decompose under the conditions used.
The structure of the core oligosaccharide was further analyzed in detail by homo-and heteronuclear one-and two-dimensional NMR spectroscopy. Complete 1 H and 13 C signal assignments are given in Table 1 . With the exception of ␤-Gal (Fig.  1) . The last anomeric NOE signal of H-1 (Man I , ␦ H 5.05 ppm) showed a connectivity to H-5 (␦ H 4.24 ppm) of Kdo, which represents the "reducing end" of 1 with Kdo being exclusively in the ␣-anomeric form. All assignments of the NOE signals were further corroborated by data obtained from the HMBC spectrum ( Table 2 ). The positions of the two P-Etn residues in 1 were identified from the chemical shifts of the carbon resonances in the HSQC spectrum (Table 1) in which the signal of Kdo H-4 was shifted to lower field due to substitution with P-Etn (␦ H 4.50 ppm/␦ C 72.2 ppm). The same observation was made for Man I H-6 (␦ H 4.22, 4.31 ppm/␦ C 64.9 ppm), which also is P-Etn-substituted. In addition, these signals showed crosspeaks in the 1 H, 31 P HMQC and 1 H, 31 P HMQC-TOCSY (Table  3 ) spectra, further corroborating this interpretation.
Isolation and Structural Analysis of the Core Backbone Oligosaccharide (2)-Strong hydrazinolysis was used to isolate the core oligosaccharide with the lipid A backbone disaccharide attached. The oligosaccharide obtained from the completely deacylated LPS (50 mg) was purified by GPC. It resulted in 2 (Fig. 1 ) in low but acceptable yield. By using negative ion mode ESI-MS, an octasaccharide was identified consisting of Hex 3 -(HexN) 2 -HexN3N-dHex-Kdo (found 1721.537 u; calc. for C 56 H 106 O 47 N 7 P 3 1721.517 units) corresponding to structure 2. The HSQC data of 2 are given in Table 1 . Again, with the exception of ␤-Gal (␦ H 4.52 ppm, J 1,2 8.2 Hz, ␦ C 104.1 ppm) and GlcN3N (␦ H 4.47 ppm, J 1,2 8.0 Hz, ␦ C 104.5 ppm), all sugars were found to be ␣-linked. ROESY and HMBC experiments showed identical linkages as identified in the NMR spectra of the hexasaccharide 1 described above. The structural difference between 1 and 2 is the presence of the lipid A backbone [␤-D-GlcpN3N-(1Ј36)-␣-D-GlcpN-1-P-Etn] to which the core oligosaccharide (1) is attached (at position 6Ј of GlcpN3N).
The positions of the three P-Etn-residues were identified from the chemical shifts of the carbon resonances in the HSQC spectrum as well as by 1 H, 31 P HMQC and 1 H, 31 P HMQC-TOCSY spectra (Tables 1 and 3 ). The third phosphate was found attached to the lipid A hybrid backbone as P-Etn residue at GlcN C-1 (H-1/C-1 ␦ H 5.49 ppm/␦ C 96.3 ppm). The typical dd signal of H-1 at GlcN (I) showed two coupling constants, one ( 3 J 1,2 3.4 Hz) indicating ␣-configuration and the second ( 3 J 1,P 6.8 Hz) characteristic of the ␣-anomeric phosphate substitution in the lipid A backbone (33) . Furthermore, a weak NOE signal could be identified between GlcN H-1 (␦ H 5.49 ppm) and H-1a,b, the methylene protons of H-1a,b-P-Etn (␦ H 4.15, 4.11 ppm) ( Table 1) , indicating that P-Etn is ␣-glycosidically bound to C-1 of GlcN of the lipid A hybrid backbone (11) .
Isolation and Structural Analysis of the Intact Rough-type LPS-The intact rough-type LPS (3) ( Fig. 1) was obtained from the LPS preparation of the Y1C12 mutant by preparative HPLC (Fig. 2 ). As mentioned above, this rough-type LPS represents a significant molecular species present in the native WT LPS. The HPLC analysis of the mild acetate buffer-treated LPS resulted in three major fractions (pools 1, 2, and 3) ( Fig. 2) . Pool 2 was found to contain the intact rough-type LPS (3) and was further analyzed by MS and NMR, as described here in more detail. The other pools were identified as crude and contaminated S-form LPS (pool 1) and lipid A (pool 3), respectively, the analysis and structure of which is described elsewhere (11) .
The ESI-MS spectrum of 3 is shown in Fig. 3 . The LPS is composed of a hexasaccharide (1) (Fig. 1) with a penta-acylated lipid A attached, this way representing a rough-type LPS. The molecular mass identified (found: 2976.680 units; Fig. 3 ) was in full agreement with the structure 3, being composed of Hex 3 -(HexN)-dHex-Kdo with two P-Etn residues in the core and the complete penta-acylated lipid A with one P-Etn at the C-1 of GlcN in the hybrid lipid A backbone (11) ⌬m/z ϭ 14 units), which was also previously found in the free lipid A (11) .
The HPLC purification of C. canimorsus rough-type LPS (3) revealed a degree of purity sufficient for structural and conformational studies using high-field NMR spectroscopy without 13 C, 15 N-labeling. To this end, homonuclear two-dimensional techniques (COSY, TOCSY, and ROESY) and heteronuclear two-dimensional spectra 1 H, 13 C HSQC, 1 H, 13 C HMBC, 1 H, 31 P HMQC, and 1 H, 31 P HMQC-TOCSY of compound 3 in small DHPC-d 40 micelles could be obtained with rather good resolution of all signals (Fig. 4 ). Fig. 5 shows the most complex but well resolved part of the 1 H, 13 C HSQC spectrum of 3 in more detail. Because water was used as solvent, sugar resonances and assignments of the glycolipid can be compared directly with those of the deacylated and purified oligosaccharides 1 and 2 representing partial structures of this LPS ( Table 1 ). The terminal (non-reducing) part of both oligosaccharides (1 and 2) had almost identical chemical shifts and coupling constants when compared with those of the native rough-type LPS (3). Notably, 1 H, 13 C signals from atoms of the hybrid lipid A backbone (GlcpN3N-GlcpN disaccharide) embedded in the micellar membrane (Table 1) as well as the signals of the fatty acids (Table 4 ) were well resolved in the HSQC spectrum of 3 (Figs. 4 -6). However, as can be seen in Fig. 5 , the ring protons/car-bons of the lipid A backbone appear significantly reduced (ϳ50% of intensity) as compared with those obtained from the core oligosaccharide due to an impaired flexibility and resultant line broadening in the NMR spectrum. Despite the fact that the peak resolution of signals obtained from compound 3 were slightly reduced, some diagnostic 3 J-coupling constants in the flexible core oligosaccharide could nevertheless be identified ( Fig. 5 and Table 1 ). For the complete assignment of the HSQC spectrum of 3, data obtained from oligosaccharides 1 and 2 were extremely helpful. Especially the assignment of positions of the charged, zwitterionic P-Etn residues could be determined by changes in the chemical shift values and by the NOE connectivities (Tables 1 and 2 ). Of note is the fact that all negatively charged phosphate residues were found to be "neutralized" by positively charged ethanolamine groups (P-O-CH 2 -CH 2 -NH 3 ϩ ). This fact holds true not only for the three P-Etn residues but also for the carboxyl group of Kdo, which is "neutralized" by the positively charged GalpNH 3 ϩ residue in the core oligosaccharide when considering the complete rough-type LPS structure of the Y1C12 mutant. 
H and 13 C NMR data of the isolated core oligosaccharide (1), core backbone oligosaccharide (2), and rough-type LPS (3) from the C. canimorsus Y1C12 mutant
Compounds 1 and 2 were measured in D 2 O (300 K), whereas 3 was recorded in 25 mM Na-P buffer, pH 6.8, containing 1.5% DHPC-d 40 at 325 K. For further details, see "Materials and Methods." n.d., not determined. Table 3) .
The second phosphate in 3 was found attached to C-4 of Kdo (H-4/C-4 ␦ H 4.56 ppm/␦ C 71.9 ppm). Its position was deduced from a weak NOE signal identified between Kdo H-4 and H-1a,b (␦ H ϳ4.11 ppm) as well as H-2a,b (␦ H ϳ3.29 ppm), both representing methylene protons of the Etn residue attached to the 4-P of Kdo.
The third phosphate was found to be linked to C-1 of the lipid A backbone GlcN (H-1/C-1 ␦ H 5.43 ppm/␦ C 95.2 ppm). Its position was deduced from a weak NOE signal identified between GlcN H-1 (␦ H 5.43 ppm) and the methylene protons H-1a,b (␦ H ϳ4.15 ppm) of 1-P-Etn (Table 1) , indicating that P-Etn was ␣-glycosidically bound to C-1 of GlcN of the lipid A hybrid backbone (11) .
Two-dimensional 1 H, 31 P NMR spectra (HMQC and HMQC-TOCSY) were used to analyze all phosphate positions in more detail. Despite the disadvantage that the 31 P signals of the phosphate buffer (25 mM) and DHPC-d 40 detergent (3.3 mM) were more intense, compared with phosphate signals of 3 (1.3 mM) , the HMQC-TOCSY spectra allowed us to assign all signals from the individual sugar residues unequivocally ( Table 1 ).
The ROESY spectrum of 3 revealed correlations of the anomeric protons between all sugars by which substitution and sequence of the complete core oligosaccharide could be determined ( Fig. 7) . Comparison with those ROESY signals of the oligosaccharides 1 and 2, lacking the fatty acids of the lipid A, revealed identical but also different conformations ( Table 2 ). Of utmost interest was the structural and conformational analysis of compound 3. It deserves special mention that some selected ROESY signals identified there were lacking in 1 and 2 and vice versa.
Of special note is one specific conformation expressed by the core oligosaccharide in 3, which was only observed in this compound. Here weak but detectable NOE signals between the axial proton of Kdo (H-3 ax ) above and those two axial protons in Man I (H-3 and H-5) below the pyranose ring indicate a significant rotational freedom around the C1-Man I -O-C5-Kdo bond in the core oligosaccharide (Fig. 8 ). This is unexpected because the glycolipid part of the rough-type LPS is embedded into the micellar membrane of DHPC-d 40 , resulting in a steric hindrance of the free rotation around this bond between Man I and Kdo.
DISCUSSION
The structural analysis of a complex glycolipid by NMR in water described here represents the first example of a natural abundant highly purified intact rough-type LPS embedded in small micelles in a water mimetic. Such NMR spectra could so far only be obtained with expensive 13 C, 15 N-labeled rough-type LPS (32) . The high purity of the LPS preparation permits the use of NMR spectroscopy for a thorough and complete analysis of not only the primary but also the secondary structure (i.e. the conformation of natural abundant LPS molecules when present in water). It is well documented that the conformations of LPS are critical for the interaction with its biological partners, initial binding proteins (LBP (36) and CD14 (37) ) and also with the final target receptors (MD-2/TLR4 (17)). Using the approach described here, LPS conformational analysis now becomes accessible for its investigation in water, which cannot be analyzed by x-ray crystallography due to the extreme high flexibility of the sugars of the core oligosaccharides (17). Another advantage of this approach is the fact that, after extensive and non-destructive NMR analysis, the LPS preparation under investigation remains available for further biological studies.
In order to demonstrate the feasibility and power of this NMR method, we have chosen a rough-type LPS of C. canimor-sus, the lipid A structure and biological (endotoxic) activities of which have recently been described (11) . In this previous study, only the lipid A and not the structures of the core oligosaccharide (1) and the complete rough-type LPS (3) were analyzed. In the present study, we aim to close this gap. We could confirm the impact of our method in comparing it with the classical way (Fig. 1) . The inlet shows an enlargement of the isotopic peaks obtained from the most abundant peak. The calculated ion intensity profile (red) is nearly identical to the measured one (blue), indicating the heterogeneity in the hybrid lipid A backbone (GlcN3N-GlcN) versus E. coli-type backbone (GlcN-GlcN) to be minor (ϳ1-2%). Mass values in the inset represent the calculated masses for 3.
of determining the core oligosaccharide by cleaving the LPS molecule in two parts and separating the resulting core oligosaccharide from the water-insoluble free lipid A. After mild acid treatment, a hexasaccharide (1) could be isolated in pure form. In a second approach, strong hydrazinolysis to deacylate the LPS revealed an octasaccharide (2), representing the carbohydrate part of the rough-type LPS (core oligo-saccharide with a hybrid lipid A backbone (GlcpN3N-Gl-cpN) attached).
We also detected trace amounts (1-2%) of the E. coli-type backbone (GlcpN-GlcpN). This lipid A backbone type has also been found in the LPS of Flavobacterium meningosepticum, representing another species of Flavobacteriaceae to which C. canimorsus belongs. However, in F. menigosepticum, the E. coli-type backbone dominated, and the proportion of both lipid A backbones was inverted (38) , thus being different from the lipid A backbone identified here.
Both oligosaccharides 1 and 2 have been extensively analyzed by NMR spectroscopy. Because NMR spectra for 3 were also recorded in water, a direct comparison of the NMR resonances from all 1 H, 13 C and 31 P signals (and even, in some cases, coupling constants of 1 H signals ( 3 J n,n ϩ 1 )) could be made. In addition, the comparability of NMR data facilitates further LPS structural analysis considerably, because many NMR data of various linear and branched polysaccharides are referenced and available via internet databases and utilities (e.g. CASPER) (39) .
Phosphorylation of Kdo at position C-4 appears not to be unique for C. canimorsus, where it is present in its P-Etn form. It is also found in core oligosaccharides from other Gram-negative bacteria, such as Haemophilus influenzae I-69 (40) and in non-typeable H. influenzae, where this position of Kdo carries a pyrophosphoethanolamine residue (41) . Additionally, such phosphorylation has been identified in the inner core oligosaccharide of Bordetella pertussis (42) and Vibrio cholerae (43) . The 4-P at Kdo I can, by means of charge, replace the carboxyl group of the second Kdo (Kdo II ), usually present in the LPS of Enterobacteriaceae. This second negative charge represents an important and conserved structural feature in nearly all Gramnegative bacteria. However, in the case of C. canimorsus LPS, the 4-P does not contribute to the second negative charge because of its positively charged Etn substituent.
We expected that the zwitterionic residues of P-Etn at C-4 of Kdo may influence the conformation of the oligosaccharide considerably, both in the free oligosaccharide forms (1 and 2) and in complete rough-type LPS (3) . Diagnostic NOEs were found to be indicative of different conformers, which are influenced by zwitterionic interactions, because they also influence the freedom in adopting various conformations of this branched core hexasaccharide. Such specific NOEs are shown in Figs. 7 and 8 , and corresponding NMR data are given in Table  2 . Surprisingly, we found a high flexibility for the core oligosaccharide even when attached to the lipid A anchor, which is expected to refit the conformational freedom of the inner core oligosaccharide when embedded via the lipid A anchor into the bacterial outer membrane. The spectrum and interpretation of the ROESY signals given in Fig. 8 show one extremely distorted conformer. It is most likely that this conformational freedom of the core oligosaccharide is also realized in case where the LPS molecule is located in the outer leaflet of the outer bacterial membrane.
In agreement with the x-ray crystallographic data, this extreme kind of conformational freedom of the core oligosaccharide in the native form is advantageous for a specific interaction of charged and polar groups of the LPS with those in the corresponding endotoxin target proteins, such as MD-2, TLR4, CD-14, and LBP (17) . But most interestingly, this special role of the core oligosaccharide for endotoxin/receptor interaction cannot be observed by x-ray crystallographic studies. NMR conformational analysis, as used here, might be considered to represent a complementary method to investigate carbohydrate conformations and dynamics, which has not been possible to describe in detail so far in these molecules (17, 44, 45) .
Recently, we published the structure-function analysis of lipid A isolated from the LPS of C. canimorsus 5 and found that this lipid A is penta-acylated and lacks the 4Ј-phosphate in the hybrid lipid A backbone (11) . Because the 4Ј-phosphate-deprived lipid A is known to reduce the endotoxic activity significantly (12), we here try to describe a model that can explain why the C. canimorsus LPS nevertheless is able to induce an overwhelming sepsis. The impact for endotoxicity of this negatively charged 4Ј-phosphate came from data obtained by x-ray crystallography on the TLR4⅐MD-2⅐LPS complex (17) as well as from functional studies (46) and genome-wide profiling (47) . This ionic interaction is important because it is critical for the ligand affinity of lipid A, enabling formation of a hexameric (TLR4⅐MD-2⅐LPS) 2 complex, which is necessary for TLR4-me- (Table 2 ) not only to the substituting but also to the neighboring sugar protons to which they are bound, indicating a rather twisted conformation of the branched oligosaccharide. The fatty acid residues attached to the lipid A backbone (R3Ј, R2Љ-R2Ј, R3, and R2) are abbreviated for clarity.
We concluded that the negatively charged carboxyl group at C-1 of the Kdo can adopt the function of the negative charge of the 4Ј-P attached to the non-reducing part of the lipid A backbone. Based on our model, the lacking 4Ј-P and, hence, its negative charge can be structurally and functionally replaced by the carboxy group of Kdo, this way resuming the electrostatic binding to the positively charged amino acids identified for binding to TLR4 (Arg-264 and Lys-362) and MD-2 (Ser-118 and Lys-58) (Protein Data Bank code 3FXI) (17) . The importance of the charged groups for LPS⅐TLR4⅐MD-2 has also been identified by Meng et al. (46) for the binding of lipid IV A to MD-2 and TLR4.
Molecular modeling revealed that this negative charge might indeed be an essential structural feature for this kind of binding (core oligosaccharide to MD-2 (11)). Notably, in human MD-2, three positively charged amino acids (Lys-122, Lys-125, and Lys-58) have been identified by functional studies to be important for TLR4-independent LPS recognition by MD-2. Of these, Lys-58 is in spatial proximity to the 4Ј-P of the lipid A backbone. We have previously shown by molecular modeling that C. canimorsus lipid A is probably binding to human MD-2 in a very similar way as E. coli hexa-acylated lipid A (11). This further supports the idea that the negatively charged carboxylate group of the proximate Kdo may indeed compensate for the lack of the 4Ј-P in the lipid A backbone of C. canimorsus (48) . The outcome of this ionic compensation might explain the strongly enhanced endotoxic activity, when comparing C. canimorsus free lipid A with rough-type LPS, differing by a factor of 20,000 (11) . The fact that the negative charge of a carboxymethyl group in lipid A indeed can mimic that of a phosphate residue has been shown for different synthetic lipid A structures (49) , further supporting our interpretation.
In this context, another important structural feature of the rough-type LPS of C. canimorsus deserves special mention. The innate immune defense takes advantage of antimicrobial peptides (AMPs), which represent one of the first lines of defense against pathogenic bacteria. AMPs are present in phagocytic cells on body surfaces, skin, and mucosa (50) . In most cases, AMPs represent positively charged peptides and act as neutralizing agents able to kill bacterial pathogens by insertion into the membrane and disruption (51) . The main targets of AMPs in Gram-negative bacteria, therefore, are negatively charged polar lipids on the surface of the bacterial outer membrane, especially LPS (52) . However, due to the zero net charge of the LPS/lipid A structure described here, C. canimorsus is able to avoid this kind of ionogenic attack by AMPs. Therefore, this structural element provides an advantage against immunological defense based on positively charged antimicrobial peptides secreted by the host, especially in the dog's mouth, which represents the natural habitat of C. canimorsus bacteria.
